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Description 

PHASE FREQUENCY DETECTOR WITH 
PROGRAMMABLE MINIMUM PULSE WIDTH 

Background of Invention 
[0001] i. Technical Field 

[0002] The present invention relates to a structure and associ- 
ated method to reduce an amount of static phase error in 
a phase-locked loop circuit. 

[0003] 2. Related Art 

[0004] Electrical circuits are typically required to operate with a 

plurality of electrical signals comprising different electrical 
properties. An inability to operate with plurality of electri- 
cal signals comprising different electrical properties may 
cause an electrical circuit to malfunction. Therefore there 
exists a need to design electrical circuits to operate with a 
plurality of electrical signals comprising different electrical 

properties. 
Summary of Invention 



[0005] The present invention provides a phase-locked loop cir- 
cuit comprising: 

[0006] a voltage controlled oscillator adapted to provide a first 
signal comprising a first frequency; and 

[0007] a phase frequency detector adapted to compare the first 
signal comprising the first frequency to a reference clock 
signal comprising a reference frequency, the phase fre- 
quency detector comprising a programmable circuit 
adapted to vary a minimum pulse width of an increment 
pulse and a minimum pulse width of a decrement pulse, 
the programmable circuit being further adapted to reduce 
a static phase error of the phase locked-loop circuit. 

[0008] The present invention provides a method for reducing a 
static phase error in a phase-locked loop circuit compris- 
ing: 

[0009] providing a voltage controlled oscillator and a phase fre- 
quency detector, the phase frequency detector comprising 
a programmable circuit; 

[0010] generating by the voltage controlled oscillator, a first sig- 
nal comprising a first frequency; 

[° 011 ] comparing by phase frequency detector, the first signal 
comprising the first frequency to a reference clock signal 
comprising a reference frequency; 



[0012] varying by the programmable circuit, a minimum pulse 
width of an increment pulse and a minimum pulse width 
of a decrement pulse; and 

[0013] reducing by the programmable circuit, a static phase error 
of the phase-locked loop circuit. 

[0014] The present invention advantageously provides a structure 
and associated method to design electrical circuits to op- 
erate with a plurality of electrical signals comprising dif- 
ferent electrical properties. 
Brief Description of Drawings 

[0015] FIG. 1 illustrates a block diagram view of a phase-locked 
loop (PLL) circuit, in accordance with embodiments of the 
present invention. 

[0016] FIG. 2 illustrates a schematic of the phase frequency de- 
tector of FIG. 1, in accordance with embodiments of the 
present invention. 

[0017] FIG. 3 illustrates a modified schematic of the phase fre- 
quency detector of FIG. 2, in accordance with embodi- 
ments of the present invention. 

[0018] FIG. 4 illustrates a modified schematic of the phase fre- 
quency detector of FIG. 3, in accordance with embodi- 
ments of the present invention. 
Detailed Description 



[0019] FIG. 1 illustrates a block diagram of a phase-locked loop 
(PLL) circuit 2 comprising a phase frequency detector 4, a 
charge pump 7, a loop filter 9, and a voltage controlled 
oscillator (VCO) 11, in accordance with embodiments of 
the present invention. The phase frequency detector 4 is 
electrically connected to the charge pump 7. The charge 
pump 7 is electrically connected to the loop filter 9. The 
loop filter 9 is electrically connected to the VCO 11. The 
VCO 11 is electrically connected to the phase frequency 
detector 4. The phase frequency detector 4 compares a 
phase and frequency of a reference clock signal 16 to a 
phase and frequency of a feedback clock signal 14 from 
the VCO 11. The phase frequency detector 4 generates an 
output comprising an increment (INC) pulse 19 and a 
decrement (DEC) pulse 20. The INC pulse signal 19 and 
the DEC pulse 20 represent a phase and frequency differ- 
ence between the reference clock signal 16 and the feed- 
back clock signal 14. The feedback clock signal 14 is 
equivalent to the output signal 99. When a phase of the 
feedback clock signal 14 is lagging a phase of the refer- 
ence clock signal 16, a pulse width of the INC pulse 19 is 
set wider than a pulse width of the DEC pulse 20. When a 
phase of the feedback clock signal 14 is leading a phase 



of the reference clock signal 16, the pulse width of the 
DEC pulse 20 is set wider than the pulse width of the INC 
pulse 19. When a phase of the feedback clock signal 14 is 
about equal to a phase of the reference clock signal 16, 
the pulse width of the DEC pulse 20 is about equal to the 
pulse width of the INC pulse 19. In this case, the pulse 
width of both INC pulse 19 and DEC pulse 20 is defined to 
be "the minimum pulse width" generated by a phase fre- 
quency detector 4. (the generation of the minimum pulse 
width is described in detail in the description of FIG. 2). 
The INC pulse 19 and the DEC pulse 20 are transmitted to 
the charge pump 7. The INC pulse 19 and the DEC pulse 
20 control the charge pump 7 to source or sink a current 
33 to/from the loop filter 9. Based on an amount and the 
direction (i.e., source or sink) of the current flow, the loop 
filter 9 produces a control voltage 10. The control voltage 
10 controls the VCO 11 to produce an output signal 99 
that tracks the reference clock signal 16 (i.e., output sig- 
nal 99 tracks a phase and frequency of the reference clock 
signal 16). Ideally, the PLL circuit 2 is referred to as 
"locked" when the output signal 99 tracks the phase and 
frequency of the reference clock signal 16. Due to a pro- 
cess mismatch and circuit performance, a very small dif- 



ference (e.g., +300 picoseconds) may exist between a 
phase of the output signal 99 and a phase of the refer- 
ence clock signal 16, even when the PLL circuit is locked. 
This difference in phase is referred to as a static phase er- 
ror. 

[0020] FIG. 2 illustrates a schematic of the phase frequency de- 
tector 4 of FIG. 1, in accordance with embodiments of the 
present invention. The phase frequency detector 4 com- 
prises a latch 15, latch 18, a buffer 17, buffer 18, and an 
AND gate 21. The latch 15 is an edge triggered latch that 
detects a rising edge of the reference clock signal 16. The 
latch 18 is an edge triggered latch that detects a rising 
edge of the feedback clock signal 14. When a rising edge 
of the reference clock signal 16 is detected, an output 22 
of the latch 15 will be set to a logical high. Similarly, when 
a rising edge of the feedback clock signal 14 is detected, 
an output 23 of the latch 18 will be set to a logical high. 
When the reference clock signal 16 and the feedback clock 
signal 14 are in phase, both the output 22 of the latch 15 
and the output 23 of the latch 18 will be set to a logical 
high simultaneously. The AND gate 21 detects the logical 
high on both the output 22 of the latch 15 and the output 
23 of the latch 18 and generates a reset pulse 75 to force 



the latches 14 and 18 to set the output 22 of the latch 15 
and the output 23 of the latch 18 back to a logical low, 
thereby completing a formation of the INC pulse 19 and 
DEC pulse 20. A time delay required for the AND gate 21 
to generate the reset pulse 75 and a time required for the 
reset pulse 75 to propagate to input 31 of the latch 15 
and input 32 of the latch 18 determines a minimum pulse 
width of the INC pulse 19 and the DEC pulse 20. A width 
of the minimum pulse width of the INC pulse 19 and the 
DEC pulse 20 is chosen based on the following two re- 
quirements: 

[0021] i m jo ensure the minimum pulse width is short enough 

such that it does not extend into a next cycle of the refer- 
ence clock signal 16 thereby causing the phase frequency 
detector 4 to miss a following rising edge. 

[0022] 2. To ensure the minimum pulse width is wide enough to 
maintain a linearity of the phase frequency detector 4 and 
the charge pump 7 combinations. 

[0023] As a frequency range of the reference clock signal 16 in- 
creases, both of the aforementioned conditions are diffi- 
cult to satisfy at the same time. Since the first require- 
ment is a functional issue to a PLL, PLL designers gener- 
ally select to satisfy the first requirement (i.e., ensuring 



the minimum pulse width is short enough) when the input 
reference clock frequency is high (e.g., about 800MHz), 
while violating the second requirement (i.e., ensuring the 
minimum pulse width is wide enough) with the expense of 
a higher static phase error when input reference clock fre- 
quency is low (e.g., less than about 100MHz). Ideally, the 
delay 79 should be controlled (i.e., programmable) such 
that the delay 79 is fixed at an acceptable percentage of 
the reference clock period thereby satisfying the first re- 
quirement (i.e., ensuring the minimum pulse width is 
short enough) while reducing a static phase error and sat- 
isfying the second requirement (i.e., ensuring the mini- 
mum pulse width is wide enough). A programmable delay 
to maintain a low static phase error while increasing the 
operating range of the input reference clock frequency is 
described in the descriptions of FIG. 3 and FIG. 4. 
[0024] FIG. 3 illustrates a modified schematic of the phase fre- 
quency detector 4 of FIG. 2 represented by phase fre- 
quency detector 4A, in accordance with embodiments of 
the present invention. In contrast with the phase fre- 
quency detector 4 of FIG. 2, the phase frequency detector 
4A of FIG. 3 comprises a digital programmable delay sys- 
tem. The phase frequency detector 4A comprises a plural- 



ity of delay paths 80, 81, and 82 electrically connected in 
parallel between the AND gate 21 and a multiplexer 44. 
The delay path 80 is represented by the buffer 30. The 
delay path 81 is represented by the buffers 28 and 29 
electrically connected in series. The delay path 82 is rep- 
resented by the buffers 25, 26, and 27 electrically con- 
nected in series. A path 83 comprising no delays is elec- 
trically connected in parallel with delay paths 80, 81, and 
82 between the AND gate 21 and a multiplexer 44. Each 
of delay paths 80, 81, 82 and 83 comprises a different 
amount of delay. It should be understood that the exact 
amount of delay is not limited to this particular embodi- 
ment as this particular embodiment is an example to 
those skilled in the art. A control signal 85 is applied to 
the multiplexer 44 to select between delay paths 80, 81, 
82, and path 83. The control signal 85 may comprise dig- 
ital control bits. The control signal 85 may be pre- 
determined, based on simulations or hardware measure- 
ments. The control signal 85 may be programmed in the 
field using, inter alia, a keyboard, a keypad, a computer, 
etc. A proper path (i.e., delay paths 80, 81, 82 or path 83) 
comprising a proper amount of delay is selected for the 
reset signal 75 to feed back to the latches 15 and 18. The 



proper amount of delay will vary the minimum pulse width 
of the INC pulse 19 and DEC pulse 20. When a frequency 
of the reference clock signal 16 is high (i.e., greater than 
500MHz), a minimum amount of delay (e.g., delay path 80 
or 83) may be selected to ensure the minimum pulse 
width does not extend to the following rising edge of the 
reference clock signal 16. While violating the second re- 
quirement (i.e., ensuring the minimum pulse width is wide 
enough), the static phase error is minimal because of a 
high correction rate due to the high frequency (i.e., 
greater than 500MHz) of the reference clock signal 16. 
When a frequency of the reference clock signal 16 is be- 
tween 100MHz and 500MHz, an intermediate amount of 
delay (e.g., delay path 81) may be selected to partially 
satisfy both the first requirement and the second require- 
ment. Since the correction rate to the loop filter 9 at this 
intermediate frequency range (i.e., 100MHz-500MHz) is 
still high, static phase error introduced by the non- 
linearity from both the phase frequency detector 4 and 
the charge pump 7 is still relatively small. When a fre- 
quency of the reference clock signal 16 is low (i.e., less 
thanlOOMHz), a maximum amount of delay (e.g., delay 
path 82) may be selected to ensure the linearity of the 



phase frequency detector 4 and the charge pump 7. Even 
though the correction rate to the loop filter 9 is low, there 
is no error introduced by the phase frequency detector 4 
and the charge pump 7, therefore minimizing a static 
phase error of the phase-locked loop circuit 2 of FIG. 1. 
The reference frequency may be selected from a range of 
about 2 megahertz to about 1 gigahertz. 

[0025] FIG. 4 illustrates a modified schematic of the phase fre- 
quency detector 4A of FIG. 3 represented by phase fre- 
quency detector 4B, in accordance with embodiments of 
the present invention. In contrast with the phase fre- 
quency detector 4A of FIG. 3, the phase frequency detec- 
tor 4B of FIG. 4 comprises an analog programmable delay 
system. The delay paths delay paths 80, 81, 82 and path 
83 in FIG. 3 have been replaced by delay line 49 in FIG. 4. 

[0026] An input 93 of an AND gate 34 is electrically connected to 
the output 22 of the latch 15. An input 92 of the AND 
gate 34 is electrically connected to the output 23 of the 
latch 18. An output 91 of the AND gate 34 is electrically 
connected through a resistor/capacitor (R/C) network 95 
comprising a resistor 41 and a capacitor 45 to a first input 
89 of an operational amplifier 39. The capacitor 45 is 
electrically connected to ground. A voltage source 37 is 



electrically connected through an R/C network 96 com- 
prising a resistor 43 and a capacitor 47 to a second input 
90 of the operational amplifier 39. The capacitor 47 is 
electrically connected to ground. The voltage source 37 
may be any voltage source known to a person of ordinary 
skill in the art including, inter alia, a digital to analog con- 
verter, etc. The inputs 92 and 93 of the AND gate 34 ex- 
tract the minimum pulse width of the INC pulse 19 and 
DEC pulse 20. An output 91 of the AND gate 34 produces 
a digital signal according to the minimum pulse width of 
the INC pulse 19 and DEC pulse 20, together with a period 
of the reference clock signal 16. The R/C network 95 con- 
verts the digital signal into an analog voltage V . The 

^Z X 

analog voltage V is applied to the first input 89 of an 

^Z X 

operational amplifier 39. The analog voltage V is ere- 

^Z X 

ated across the capacitor 45 and is determined by the fol- 
lowing formula: 

[0027] v = VDD* (PW )/(REF ) (VDD is a supply voltage 

Cl MIN PERIOD 1 3 

for the PLL circuit 2 (see FIG. 1), PW is the minimum 

MIN 

pulse width, REF is a period of the reference clock 

PERIOD 

signal 16). 

[0028] An analog reference voltage V generated across the ca- 

^Z 2 

pacitor 47 by the voltage source 37 and the resistor 43 is 



applied to the second input 90 of the operational ampli- 
fier 39. The operational amplifier 39 compares the first 
analog voltage V across the first capacitor 45 to the 
analog reference voltage V c2 across the second capacitor 
47 and generates a control voltage 88 based on the com- 
parison. The control voltage 88 adjusts a delay to the de- 
lay line 49 until V = V . As a result, the minimum pulse 

7 Cl C2 ^ 

width of the INC pulse 19 and DEC pulse 20 has a fixed 
ratio with the reference clock signal 16 period. For exam- 
ple, if V = 0.1*VDD, the PW = 0.1*REF . The 

r C2 MIN PERIOD 

minimum pulse width will change dynamically with the 
frequency of the reference clock signal 16, satisfying the 
requirement of a smaller minimum pulse width when the 
input reference clock frequency is high and the require- 
ment of longer minimum pulse width when the input ref- 
erence clock frequency is low. FIG. 4 is an alternative to 
the phase frequency detector 4A described in FIG 3 which 
requires the control bits to be manually programmed 
based on the a frequency of the reference clock signal 16. 
The reference frequency may be selected from a range of 
about 2 megahertz to about 1 gigahertz. 
[0029] while embodiments of the present invention have been 

described herein for purposes of illustration, many modi- 



fications and changes will become apparent to those 
skilled in the art. Accordingly, the appended claims are 
intended to encompass all such modifications and 
changes as fall within the true spirit and scope of this in- 
vention. 



